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FOREWORD

Thisfinal report is based onthesis prepred in partial fulfilment of the Master of Science
degree at Tennessee Technological University.

Cover photograph credit$TU Office of Communications and Marketilligft) and T. Johnson
[l (right).

Two abbreviations thappear throughout the textae ( f r om tidesb L at meafi ng
At hat eiggfrom theaLatidexempligratida meani ng ndAllentsofe x ampl e o .
measurement are metric, unless otherwise indicated.

- To convert Celsius’C) to Fahrenhei’ F), multiply °C by 1.8and add 32.
- One hectare equals 2.47 acres, and one km equals 0.621 miles.

- Divide by 25.4 to convert lengths in mm to lengths in inches

- One kilogram (kg) = 2.2 pounds
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Silver Carp Hypophthalmichthysmolitrix
Photo creditAmy Benson, USGhttp://nas.er.usgs.gov/queries/factsheet.aspx?SpeciesIiD=551

Bighead Carp Hypophthalmichthys nobilis
Photo credit: Auburn Universityittp://nas.er.usgs.gov/queries/factsheet.aspx?species|D=549



EXECUTIVE SUMMARY

1. The invasive Bighead Cakpypophthalmichthys nobiliRichardson and Silver Cakb

molitrix Valenciennes (collectivelseferred to as bigheaded carps) were introduced to the U.S. in
the 1970s to control noxious algae blooms in polyculture ponds. Fish subsequently escaped and
by the 1980s bigheaded carps were widespread and established in the upper Mississippi River,
lower Missouri River, and the Ohio River and some of its tributaries.

2. In two reservoirs irthe lower reaches of the Tennessee River and Cumberland River systems,
bigheaded carps were systematically sampled in 2015G&Iusing multiple geardlearly 12

km of experimental gill nets captured 363 adult Silver Carp and 7 Bighead Carp. Hoop nets (n =
96) captured only 2ilver Carp and 2 Bighead Carpwenty-eight hours of electrofishing

collected 146 adult and 214 younfyear (YOY) Silver Carp. Cast n€s = 480 throws)

captured 15 YQY Silver Carp.

3. Bighead Carp and Silver Carp in Kentucky Lake and Lake Barkley reached large sizes and
were long lived. The maximum total lengths (TL) and ages were 1,385 mm TL and 22 years for
Bighead Carp and 1,0066m TL and 13 years for Silver Carp. The Silver Carp populations in
both reservoirs had the same strong year classes (2010, 2011, 2012, 2015) and similar growth
rateswhich were faster than what has been reported for other populations around the globe.

4. Silver Carp inboth reservoirsvere similarly robust, and more robust than Silver Carp below
Barkley Dam, suggesting food resources and habitat are ideal in the reservoirs.

5. Some YOQOY Silver Carp were collected 180 and 110 river kilometers upsind&emtucky
Lake and Lake Barkley, respectively, and they may represent the first evidence of natural
reproduction in those reservoirs or their tributaries.

6. The catctperunit-effort (CPUE) of adult Silver Carp in gill nets was similar in each

resevoir and they are already a major component ofgHish assemblages. In electrofishing
samples the CPUE of adult Silver Carp was higher in Lake Barkley but the CPUE of YOY Silver
Carp was similar in each reservoir.

7. Future efforts to control bigheadl carps in Tennessee waters should include studying the
efficacy of barriers at navigation locks, determining where natural reproduction is occurring, and
increasing the commercial harvest of both species.
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Where $lver Carp are abundartheir habit of jumping when startled impairs other uses of the
waterbody such as fishirandpleasure boating. This photo was taken below BgiiRam on the
Cumberland River in 2015Photo Credit: TTU Office of CommunicationschiMarketing Cookeville.



INTRODUCTION

Bighead CarfpHypophthalmichthys nobiliRichardson and Silver Cakb molitrix
Valencieenes (hereafter collectively referred to as bigheaded carps) are native to large rivers of
eastern Asia and have beaatroduced to every continent in the world excluding Antarctica
(Kolar et al. 2007). Bigheaded carps are a popular food source in some countries and have been
utilized for their perceived ability to control zooplankton and phytoplankton production in
polyculture ponds (Kolar et al. 2007). Bigheaded carps were first introduced to the U.S. in
Arkansas in the early 1970s for aquaculture purposes in fish ponds (Freeze and Henderson
1982). The Arkansas Game and Fish Commission subsequently propagatedtieetl st
bigheaded carps to assess their utility as a biological control of excessive plankton and nutrients
in wastewater lagoons (Henderson 1983). Soon thereafter, natural resource agencies and
researchers from several other states began importing akahgtboggheaded carps to initiate
similar studies with little regard for their potential to escape and become established in U.S.
waterways (Kolar et al. 2007).

Bigheaded carps eventually escaped from commercial fish ponds during floods (Kelly et
al. 201). Silver Carp were reported from open waterways as early as 1975 in Arkansas and in
1981 a single Bighead Carp was captured from the Ohio River below Smithland Dam, Kentucky
(Freeze and Henderson 1982; Kelly et al. 2011). Reports of natural reprocioctiofollowed.

Burr et al. (1996) captured yowudyear (YOY) Silver Carp near Horseshoe Lake, Illin@is

oxbow lake on the Mississippi Rivegnd Pflieger (1997) collected young Bighead Carp from
Missouri waters in 1989. Subsequently, these twaigp&ontinued to reproduce in the wild and

are now established in much of the MississiRpier, MissouriRiver, and Ohio Rer basins

(Kolar et al. 2007). To date, Silver Carp have been reported in at least 16 states and Puerto Rico
and Bighead Carp haween found in 23 states and Lake Erie, Ontario, Canada (Kolar et al.

2007; U.S. Geological Survey 264).

Bigheaded carps are successful invaders because they tolerate a wide range of climates,
are highly fecund and protracted spawners, grow quicklycandachieve high population
densities (Kolar et al. 2007). Bigheaded carps in Asia have a wide distribution (21°N to 43.5°N
latitude) with mean annual air temperatures that vary fre#fC to 24°C (Kolar et al. 2007).

Mean annual air temperature modalgigesbigheaded cargistribution in North America could

1



include southern Alaska and Canada, the contiguous U.S., and Mexico (Mandrak and Cudmore
2004). Although bigheaded carps can naturally occur in a wide range of habitats including large
rivers, reservoirs, lakes, and ponds, they likely cannot reproduce without access to suitable

riverine conditions. Fertilized eggs are sdmoyant and depend on sufficient shear velocity to

keep them from settling to the bottom and suffocating (Kolar et al. 260ykhtin and Gorbach

(1981) suggested that bigheaded carps require a river longer than 100 km with moderate to swift
current for larvae to reach the exogenous feeding stage. However, recent research suggests that a
reach as short as 25 km may be suffitte allow bigheaded carps eggs to hatch gsudficient

flows and optimal water temperatures (Murphy and Jackson 2013).

Bigheaded carps are exhibiting rapid population growth in some U.S. watersheds and
predators are not impeding the invasion becautfedpecies quickly outgrow native piscivore
gape limitations (Schrank and Guy 2002; Kolar et al. 2007). For instance, Bighead Carp
increased exponentially in Navigation pool 26 of the Mississippi River near St. Louis, Missouri,
from 1992 to 2001 (Chick aPegg 2001). Likewise, Silver Carp increased exponentially in the
La Grange Reach of the lllinois River from 1990 to 2008 (Irons et al. 2011; Sass et al. 2010) and
accounted for nearly a quarter of the total fish biomass in the lIllinois River in 2@A€Nand
and Sass 2008). Sass et al. (2010) suggested that Silver Carp in the La Grange reach had not yet
reached a state of ecosystem equilibrium and would likely continue to dominate the aquatic
assemblage for some time.

The establishment of bigheadearps in U.S. waterways raises concern for aquatic
environments and fish communities. An environmental risk assessment using methods outlined
by the Risk Assessment and Management Committee (1996) suggested that both species had a
high probability of negavely impacting U.S. waterways. It is difficult to estimate the extent to
which these fishes have impacted ecosystem structure and function because relatively little is
known about the ecology of native fish and plankton communities in large river system
(Dettmers et al. 2001). Nevertheless, there is growing evidence that bigheaded carps have the
ability to influence water quality, alter plankton communities, compete with native planktivores,
displace native fish from optimal habitats, and transmitdise (Kolar et al. 2007).

Although bigheaded carps were often cultured to improve water quality in aquaculture
and sewage treatment lagoons (Cremer and Smitherman 1980; Henderson 1983; Smith 1985),

there is some evidence that they may actually increatsiemt concentrations in the water



column and promote noxious algae blooms in open systems. In one study, bigheaded carps
removed nitrogen and phosphorous sequestered by phytoplankton and zooplankton; however,
nitrogen and total phosphorus increasedhendediments (Opuszynski 1980). Afterwards, wave
action and activity from other fish disturbed benthic sediments and phytoplankton populations
subsequently increased. In addition, bigheaded carps can induce a trophic cascade that shifts
plankton communiés towards smaller individuals (Kolar et al. 2007). Such a trophic cascade
could negatively affect native planktivorous fishes that prey on large zooplankton. Sampson et
al. (2009) concluded that Bighead Carp diets overlapped with those of GizzarBD@badma
cepedianunand Bigmouth Buffaldctiobus cyprinellusand the condition of those two native
species declined in the Mississippi River and lllinois River after bigheaded carps became
established (Irons and Sass 2007). Although Sampson et al. (2@0@¢ observe substantial
overlap in the diets of Bighead Carp and adult PaddI@fidiiodon spathulaageO Paddlefish

grew slower when age Bighead Carp were present (Schrank et al. 2003). Virtually all fishes
during their larval stage feed on siarifood resources as bigheaded carps (Chick and Pegg
2001). Therefore, bigheaded carps could have negative consequences for entire fish
communities.

The U.S. government, state natural resource agencies, universities, commercial and sport
fishermen, and #hngeneral public are seeking solutions to control or prevent the spread of
bigheaded carps. The U.S. Fish and Wildlife Service (USFWS) in recent years deemed Bighead
Carp and Silver Carp dsjuriousWildlife under the Lacey Act, meaning it is illegalttansport
or import live bigheaded carps (including eggs, larvae, and their hybrids) across state borders
without special permitting. Although federal laws are now in place, bigheaded carps are capable
of swimming over barriers during flood events andehtie ability to live transfer by babucket
or ship ballast release into new areas. Statistical models at the turn of the century predicted that
Silver Carp could become established in the Great Lakes (Kolar and Lodge 2002). The
establishment of thege/o species in the Great Lakes could be catastrophic for the iilidtn
dollar fishing industry. The most likely avenue for gaining access would be through the Chicago
Sanitary and Shipping Canal, which connects headwaters of the lllinois RiveiGoetitel akes
basin (Chick and Pegg 2001). To forestall the invasion of the Great Lakes by bigheaded carps,
the construction of electrical barriers began in 2002 (USACE 2016).



The Asian Carp Working Group, established in 2004, submitted a management and
control plan for bigheaded carps in the United States to the Aquatic Nuisance Species Task Force
in 2007. Goals and initiatives listed irattplanincluded preventing introductions, controlling
expansions, extirpating populations, minimizing adverse tsffecoviding information to the
public, conducting research, and evaluating control efforts (Conover et al. 2007). Research
efforts aimed at controlling bigheaded carps include identifying population characteristics (e.qg.,
relative abundance, size struiet, and recruitment mechanisms), estimating commercial market
viability, and describing utilized habitats. In areas where these species first established
themselves (notably Arkansas, Missouri, and lllinois), bigheaded carp population characteristics
andhabitat usdnave been studied extensiveBther states where the leading edge of these fish
exists (i.e., Kentucky, South Dakota, and Tennessee) have begun to initiate similar studies.
Regional fish population structure analysis is an important assessgnEbecause it can
identify year class strength and compare growth and mortality among waterbodies (Anderson
and Neumann 1996), as well as determine if management actions are effective in reaching a
desired goal.

By the early 20 (@Rdangetddmdhe boutlhemé& &adethe c ar
Tennessee River and Cumberland River drainages (Kolar et al. 2007). On April 23, 2014, a die
off of Bighead Carp, Silver Carp, and Grass Gatgnopharyngodon idellaccurred below
Kentucky Dam on the Tennes$eer. Two days later, a massive @i of hundreds of
thousands of Silver Carp occurred on the Cumberland River below Barkley Dam. Gas bubble
disease, which sometimes occurs below dams when water becomes supersaturated with gases,
was initially suspeetd as the proximal cause of the-diés because some fish had abnormal
hemorrhaging in the brain and other organs (KDWR 2014). However, the fact that only Asian
carp died suggests that a pathogen was involved and to# destill being investigated.

Recent reports by anglers and biologists revealed that bigheaded carps are advancing in
Tennessee waters. However, bigheaded carp populations have not been studied or systematically
sampled in Tennessee waters. In order to develop effective assesstheaisraad understand
invasion mechanisms, | studied the distribution and biology of bigheaded carps in Kentucky
Lake and Lake Barkley. The specific objectiveshid study were to (1) assess gear efficacy and

selectivity; (2) describe the bycatch in gi#ts; (3) describe the distribution and leading edge of



bigheaded carps in Tennessee waters, and (4) assess and compare bigheaded carp population

characteristics in the lower reaches of the Tennessee River and Cumberland River.

STUDY AREAS

Kentucky Lake

Kentucky Lake is a mainstem reservoir of the Tennessee River managed by the
Tennessee Valley Authority. The reservoir filled after the construction of Kentucky Dam in
1944 at rkm 35 (measured from the confluence of the Tennessee River and Ohio River).
Kentucky dam was constructed for power generation, navigation, flood control, and recreational
purposes. Barges and boats pass through the Kentucky Dam lock on a daily basis. Kentucky
Lake flows northerly and spans 298 rkm from Pickwick Dam, near tksis8ippi border, to the
western tip of Kentucky. The reservoir has approximately 3,321 km of shoreline and
encompasses 64,800 ha at summer pool. Kentucky Lake is characterized as eutrophic and is
lacustrine downstream and riverine upstream. The lacegiortion of Kentucky Lake has a
substantial number of embayments and backwater areas. Water levels vary ~ 1.5 m between
summer and winter pools and the reservoir has an average depth of 5.4 merviagments
onKentucky Lakeare at the mouths dfie Beech River, Duck River, Big Sandy River, Blood
River, and Jonathan Creek.

The Duck River, Kentucky Lakebs | argest tr
Columbia Dam in Columbia, Tennessee, to Kentucky Lake. The Duck River has the longest
unimpoundedeach(~220 km)of any river in Tennessee and is worehowned for its diverse
mussel and fish communities. An old fish ladder on Columbia Dam improves continuity of

native communities, but could also facilitate the progression of the bigheaded carg &xigh.
Lake Barkley
Lake Barkley is a mainstem reservoir of the Cumberland River managed Kggheille

District of the Army Corps of Engineerd he reservoir was formed by the construction of

Barkley Dam in 1966 at rkm 49 (measured from the loenice of the Cumberland River and



Ohio River). Lake Barkleywas constructed primarily for power generation, navigation, flood
control, and recreational purposes. Lake Barkley extends 119 rkm downstream from Cheatham
Dam in Tennessee and flows northwdgte the western tip of Kentucky. Similar to Kentucky
Lake, Lake Barkley is a eutrophic system with a lacustrine downstream portion and a lotic
upstream portion. Lake Barkley has over 1,600 km of shoreline, encompassing 21,000 ha at
summer pool, with anaximum depth of 24 m and an average depth 4 m. Majbayments

include the Red River, Little River, Yellow Creek, and Eddy Crésagufe 1).

Sampling Asian Carp poses interesting challenges to the atheir equipment.
Photo Credit: TTU Ofte of Communications and Marketing



METHODS
Field Sampling

Although there is no consensus on which gear or combination of gears should be used to
collect bigheaded carp, previous studies have used-gaatiapproaches to assess populations
includingcombinations of the following: electrofishing gear, hoop nets, gill nets, trammel nets,
mini-fyke nets, trawls, and seines (Stancill 2003; Degrandchamp et al. 2008; Wanner and Klumb
2009). In the present study, sample gears included gill nets, hoopnatsatmounted
electrofishing (Schrank and Guy 2003; Wanner and Klumb 2009; Hayer et al. 2014) to sample
adult fish and cast netting to capture YOY fish.

Each reservoir was sampled systematically throughout its length to describe population
characterists of the entire stock. Because bigheaded carps are often difficult to capture, even in
areas with high densities (Stancill 2003; Williamson and Garvey 2005; Wanner and Klumb
2009), additional samipig unrelated to describing relative abundanes wondated to obtain
more fish foranalyses. When each sample was collected the macrohabitat was classified
(connected backwater, channel boarder, tailwater, or flowing tributary) and surface water
temperature and water depth were recorded.

Hoop nets in othestudies caught large numbers of Bighead Carp over a wide size range
(Wanner and Klumb 200®utleret al. 2014a). Large (2 m diameter) hoop nets were developed
to target bigheaded carps where densities are low; hoviwiber et al. (2014b) recommended
using standard (1.2 m diameter) hoop nets because they consistently outperformed large hoop
nets. In the present study, hoop net design and protocols were similar to the methods described
by Welker and Drobish (2010) and Ratcliff et al. (2014). Hoopwets 4.8 m long, had seven
hoops with a dimeter of 1.2 nat the mouth and decreasing 250 mm towards the cod end.

Finger throats were placed at tH8 @nd 4" hoops to trap fish, and netting was 38 mm mesh.
Throughout most of each reservoir, hoop netse deployed in a variety of habitat types

including slack water areas, swift channel borders, and tailwaters in depths generally between 3
and 6 m. Two hoop nets were tied in tandem and deployed at 6 sample sites for a total of six
tandem hoop nets psample reach. Soak times were three days. A sampled reach generally

covered 6 to 10 kmStandardized sampling sample reaches in both Kentucky Lake and Lake



Barkley occurred in spring (2 sample reaches) and summer (2 sample reaches) 2015. The total
number of tandem hoop nets fished was 48. Hoop net CPUE was not analyzed because very few

bigheaded carps were captured.

) ; \z\ s \\\v m

Pulling a hoop net in Lake Barkley near Dover, Tennessee. Photo credit: C. Harty

Gill net design and procedures were similar &thods used by Kentucky and Tennessee
commercial fisherman and as described by Welker and Drobish (2010). Gill nets were set in the
fall and winter seasons to reduce mortality of native species, particularly paddlefish (Bettoli and
Scholten 2005). Gillets were experimental, sinking monofilament nets of three types. Each net
consisted of two 30.5 m panels of netting of either 76 and 89 mm square meshésg@ype
101 and 114 mm square meshes ({{@peet), or 127 and 140 mm square meshes {3ypet).

All nets were 3.7 m in height hobbled down to 2.4 m, had adeeslbottom line and a 13 mm
diameter foamcore top line. Gill nets were fished overnight in backwater areas with low water
velocity and depths generally ranged between 3 and Bach of he thredaypes of gill netavas



deployed as a gang of nets at each of four sites in each sample reach. As with the hoop nets, a
sample reach generally spanneid ) km and was either bounded by large embayments (i.e., on
Kentucky Lake: Jonathan CreekoBH River, Big Sandy; on Lake Barkley: Little River) or

between smaller adjacent embayments. Standardized sampling in both Kentucky Lake and Lake
Barkley occurred in winter 2015 (one sample reach), fall 2015 (two sample reaches), and winter
2016 (three saple reaches). The total number of gill net gangs fished was 48. CPUE was
guantified as mean catch in a gang of nets penigét.

Silver carp inanexperimental gill nesetin KentuckyLake, Kentucky. Photo credit: J. Riggy

Boatmounted higkfrequency pulsed DC electrofishing is an effective method to sample
Silver Carp Butleret al. 2014a) and moderately efficient in collecting Bighead Carp (Wanner
and Klumb 2009). Hayer et al. (2014) sampled bigheaded carps in South Dakota with multiple
geas in areas with relatively low fish densities and wanrly successful in capturing bigheaded
carps when using electrofishing gear. The electrofishing boat in the present study was equipped
with a Midwest Lake Electrofishing Systems (MLES) Infinity Boowered by a Honda
EG50MX generator. Booms extendi@dl. m beyond the bow were equipped with two MLES



Hexagon Plate Anode Arrays, each with 6 cable droppers. The electrofishing crew was a boat
operator and two dipetters on the bow. Frequency was legdstant at 80 pulses per second

and voltage and amperage were adjusted as needed to achieve\& 30@@r output (Stuck et

al. 2015). Each electrofishing sample was 10 min (pedal time) and each sample reach (typically
less than 7 km long) was electsifed at nine stations. Electrofishing sampling in both

Kentucky Lake and Lake Barkley occurred in upstream and downstream areas during the
summer 2015 (two reaches; n = 18 samples total) and fall 2015 (four reaches; 36 samples total).
Bigheaded carp cdtes also included any fish that jumped in the boat during electrofishing and
CPUEwas quantified as mean number of fish captured per 10 min of pedal time. Additional
electrofishing samples were collected below Barkley Dam and Kentucky Dam and in areas
where the leading edge was thought to occur: the headwaters of each study reservoir (i.e., below
Cheatham Dam and Pickwick Dam) and on the Duck River below Columbia Dam.

In June 2015a biologist with the Kentucky Department of Fish and Wildlife Resource
inadvertently captured 5 YOY Silver Carp in Kentucky Lake at Tennessee River km (Trkm) 72
while cast netting for live bait (Neal Jackson, Kentucky Department of Fish and Wildlife
Resources, personal communication). Subsequently, cast netting was inedrpucathe
present studyThe monofilamentast netvas2.7 m diameter with 10 mm mesh. During the
summer of 2015, two areas were sampled on both Kentucky Lake (Jonathan Creek and Big
Sandy embayments) and Lake Bay (Little River embayment and Sali@eek area). Six
sites were sampled in each of the four areas and each site was sampled with 20 throws of the cast
net (i.e., n = 4 areas x 6 sites/area x 20 throws/site = 480 throws total). The catches at each site

were pooled and mean catches in eafdine 4 areas were calculated.

T

-

Cast netting for Youngf-year Silver Carp in Kentucky Lake, fiieessee. Photo credit: J. Richy
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All fish species collected using hoop nets and gill nets were recorded. All Bigheaded
carps were weighed (nearest 1 g wke300 g; nearest 5 g for fish weighing 30000 g;
nearest 10 g for heavier fish), measured for total length (mm), sexed, and their otoliths were
removed (described below). Eggs were removed from gravid females and weighed (g).

Distribution maps werproduced using ArcGIS software.

Bycatch

All fish species caught in hoop nets and gill nets were enumerated and their status (dead
or alive) was recorded. Because hoop nets caught so few bigheaded carps, hoop net bycatches
were not assessed. Usinggent frequencies, bycatch rates were compared between seasons
and between gill net mesh sizes. Bycatch mortality rates (i.e., status of fish when removed from

the net) were also compared between seasons and between gill net mesh sizes (see below).

Population Analyses

Too few Bighead @rp were collected to perform population structure analyses; however,
their spatial distribution, size distribution, and number collected in each gear are presented
below. No Silver Carp between 303 and 615 mm TL welteated; therefore, some population
anal yses were per for me)hndfacgefishti@ivere longdr thgn 153 0 3
mm TL.

Age determination in these two species is challenging (Schrank and Guy 2002; Kolar et
al. 2007) and in previous studiseveral hard structures have been used such as fin rays, scales,
otoliths, and vertebrae (Kamilov 1985, cited in Kolar et al. 2007; Schrank and Guy 2002; Hayer
et al. 2014; Kamilov 2014). At present there is no consensus for which bony structurebghould
used for age estimatiorlJsing methods described by Schneidervin and Hubert (1986), Hayer et
al. (2014) identified growth annuli on asteriscus otoliths, the largest of the three otolith pairs in
cyprinids. However, Seibert and Phelps (2013) recomnaeusiag lapilli otoliths because in
their opinion they provided more reliable ages of older Silver Carp. Therefore, the present study
followed methods similar to Seibert and Phelps (2013) for age determination. The number of

annuli in sectionethpilli otoliths was counted independently twice; when readings disagreed,
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the otoliths were read a third time before a final age was assigned (Russell and Bettoli 2013). If
a fish was captured in the fall (Octobdéovember) towards the end of the growing season,
annulus was added to the count. Those fish, and all fish captured between January and June,
were included in the growth analyses. Fish collected in the summer (July and August), in the
middle of the growing season, were not included in the growtlysesmGrowth was estimated
using the von Bertalanfy growth model:

Li=Lp(1-e" ),
where L is length at time t, g is thetheoreticaimaximummean lengthK is the Brody
growth coefficient, andptis the age at which fish length is theoretically 0 (von Bertalanffy
1938). The growth model was fit usimgnlinear €ast squares IRAMS Version 1.64
modeling package (Slipke and Maceina 2014).

Statistical Tests

Mean CPUE in gillnets and electrofishing samples were separately compared between
reservoirs and seasons using-way ANOVA models. The catch data weiestlog;o-
transformed after adding fAl1l0 to each observat
was compared between reaches using axaeANOVA. Bigheaded carp lengths and ages
were described using frequency histograms and compared uswesample Kolmogorov
Smirnov test (Neuman and Allen 200 MLean bycatch by gill net type and mean Silver Carp
catches by mesh size were compared wiitbway ANOVA models. Statistical significance for
all tests was declared®tO 0. 05 .

The robustnesof bigheaded carps was compared between systems using multiple
linear regression, where Lagweight) was the response variable, Lgftptal length) was
the predictor variable, and ardaake Barkley Kentucky Lake, or the Cumberland River
below BarkleyDam) was a qualitative dummy variabl e
comparisons). Differences in-itercepts (i.e.., elevations)areevaluatedvith a ttestif
the slopes of the regression lines in pairwise comparisons were simil@st(P > 0.05). A
chi-squared goodness of fit test was used to determine if sex ratios for adult fesledlif
from 1:1 and a chsquaretest of independence was used to determine if sex ratios differed

among reservoirsZ@ar 1999. A gonadosomatic index (GSI) was cakmtgld for adult
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females in each reservoir (GSI = 100 * gonad weight [g]/body weight [g]) and means were
compaed using a simpletest. Satistical tests were computed using R softw@e
Development Core 2012nd theStatistical Analysis System versiotR4SAS Institute, Cary,
North Carolina)

RESULTS

Gear Efficacy and Relative Abundance

Twenty-four tandem hoop nets were fished for three days in both Kentucky Lake and
Lake Barkley Table 1; Figure 2). Hoop nets caughbur bigheaded carps in Kentuckake
and none in Lake BarkleyTwo Silver Carp in hoop nets measured 856 and 922 mnirigure
3), and two Bighead Carp measured 1,200 and 1,385 mm TL.

Gill nets were the most effective gear for collectayltSilver Carp and Bighead Carp.
Silver Carp ranged from 6161,005 TL mm (n = 363; mean TL = 862; SE = 27.B@ure 3),
and Bighead Carp ranged fron®727 1,323 mm TL (n = 7; mean TL =216 mm; SE = 2.62).
Standardized gill netsere fished fo24 netnights in both Kentucky Lake and LaBarkley
(Table L Figure 2). Silver carp were the most common species caught, representing 28% of the
total catch Figure 4). Mean gill net CPUE for Silver Carp was similar among reservoirs and
seasons; neither main effect was signific&nt .50; df= 1, 44;P >0.122), nor was the
interaction termK = 0.64; df = 1, 44P = 0.428)

Bighead Carp were collected in 101, 114, and 140 mm mesh panels, with the longest
Bighead Carp (TL =,823 mm) captured in the 140 mm mesh. Mean catches of Silver Carp
varied among the six mesh sizés< 33.34; df= 5, 165;P < 0.001), and the effect of mesh size
was driven by the high catches in the 101 and 114 mm meshes (77% of total gill net catch;
Figure 5). Mean lengths of Silver Carp caught in each mesh of theimemaal gill nets were
different and increased with increasing mesh dize 29.23; df = 5,352P < 0.001;Figure 5).

Electrofishing collected the widest range of Sil@arp lengths (155 985 mm TL;n =
358; mean TL = 465; SE = 15.80gure 3) and onaBighead Carp (TL =,010 mm). Data on

adult and YOYSilver Carp were not combined in the CPUE estimates to avoid inflating those
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estimates. During standardized electrofishing each reservoir was sampled witing¥Lifi€)

runs Table 1; Figure 6). Mean éctrofishing CPUE of adult Silver Carp was higher in Lake
Barkley than Kentucky Lakd=(= 8.86; df = 1, 104P = 0.004; Table 1); no seasonal effect was
detected in the twavay ANOVA (F = 0.94; df = 1, 104P = 0.335) and the interaction term was
not signficant (F = 0.51; df = 1, 104P = 0.477). Mean electrofishing CPUE for YOY Silver
Carp did not vary between reservoirs or seasbrs].58; df = 1, 104P > 0.211) and the
interaction term was not significarf € 3.26; df = 1, 104P = 0.074).

Although electrofishing in tailwaters below large impoundments was not standardized
and a direct comparison of catch rates was not possible, that technique did capture or detect
bigheaded carps. Six Silver Carp and one Bighead Carp were colledtedinutes
(electrofishing pedal time) below Kentucky Dam, 71 Silver Carp were collect®inmnutes
below Barkley Dam, several Silver Carp were observed (but none were neti@dhinutesof
electrofishing below Pickwick Dam, one Silver Carp was collectd@#minutesbelow
Cheatham Dam, and 10 Silver Carp were collect@&8thminutedelow Columbia DanfTable
1; Figure 6).

Each reservoir was sampled with 240 throws of the casiTabtd 1, Figure 6). Of the
two reaches sampled in Kentucky Lake (Jonath&ekCand Big Sandy embayments) and two
reaches in Lake Barkley (Little River and Cross Creek embayments), YOY Silve(rCafg®b)
were only collected in Johnathan Creek reach. Their lengths range@6iio&60 nm TL
(mean TL = 131; SE = 4,9 able 1,Figure 3).

Bycatch

Gill nets collected 1,058 fish representing 28 speclde bycatch rate was 72% fall
2015and61% in winter 2016.The two smallest mesh sizes (76 and 89 mm) accounted for 50%
of the bycatch.Native planktivores known to corate with bigheaded carps (Bigmouth Buffalo
Ictiobus cyprinellusn = 25; Gizzard Shadorosoma cepedianum = 11; PaddlefisPolyodon
spathula n = 13) made up only 5% tftal the catch. Nomative carps other than bigheaded
carps comprised 14% of thetal catch (Common Car@yprinus carpion = 124; Grass Carp
Ctenopharyngodon idellan = 9). Eleversportfishspecies collectively represented 29% of the

total catch; tke three most common sport fish caugiete Channel Catfisketalurus punctatus
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(9%), Blue Catfishictalurus furcatug7%), and Largemouth Bad&icropterus salmoideg%).
Eight otherspecies (Amiidae, one species; Catostomidae, three species; Lepisosteidae, three
species; and Sciaenidae, one species) were 23% ttéheatch Figure 4).

Fish captured in the smallest mesh sizes (76 and 89 mm) accounted for 68% of the gill
net mortality; most of those fish were Skipjack Herrigsa chrysochloris. The mortality rate
of all species was 17% in the fall when water temperatures weré 19.8° C compared to 1%
in winter when water temperatures were28L.6° C. The most impacted species were
Skipjack Herring, which accounted for 30% ofl@tatch mortality.

Distribution

During this study, 787 Silver Carp (264 of which were YOatirthe 2015 year class)
and 10 Bighead Carp were collected. Water depths veluedeSilver Carp, YOY Silver Carp,
and Bighead Carp were collected ranged fromi 55 m (mean = 3.2 m; SE = 0.04), 0.9.7
m (mean = 2.2 m; SE = 0.05), and 2.3.7 m (nmean = 3.4 m; SE = 0.09), respectively. Most
adultSilver Carp (61%), YOY Silver Carp (79%), and Bighead Carp (80%) were collected from
backwater areas off main channels. Bighead Carp were captured from the mouth of Big Sandy
Embayment (Trkm 108) to thailrace below Kentucky Dam (Trkm 36) and a single Bighead
Carp was collected below Barkley Dam at Cumberland River km (CrknBig@ré 7). In
Kentucky Lake, 383 Silver Carp (of which 163 were YOY) and 8 Bighead Carp were collected,
and 243 Silver Carp tavhich 64 were YOY) were collected from Lake Barkley. The range of
Silver Carp extended throughout each reservoir and also in the Duck River below Columbia Dam
at Drkm 220 Figure 8).

Low-head dam on the Duck River in Columbia, Tenned®beto creditwww.panoramio.com/photo/66449519
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Population Characteristics

Bighead Carp in Kentucky Lake (none were collected in Lake Barkley) ranged from
1,010 to 1,385 mm TL (mean = 1,211 mm; SE = 34); the largest weighed 35 Bi§ug (9).
Silver Carp in both resvoirs ranged from 96 tad05 mm TL (mean = 655 mm; SE = 10); the
largest weighed 14.03 kg. The average lengtleloft (> 615 mm TL) Silver Carp differed
among three study siteB € 41.15;df = 2, 492;P < 0.001); fish were slightly longer in
Kentucky Lake (mean = 870 mm; SE = 4) than in Lake Barkley (mean = 848 mm; SE = 4) and
fish in Lake Barkley were longer than those collected below Barkley Dam (Mean = 812 mm; SE
= 6). Separate Kolmogoredmirnov tests revealed that the length frequency diskitsiDf
adultand YOY Silver Carp differed between the two reservdirs 0.180;P < 0.004;Figure
10). In addition, the lengtfrequency distributiondifferedfor adultSilver Carp collected above
and below Barkley DarfD = 0.352,P < 0.001;Figure 10). Silver Carp collected below
Columbia Dam on the Duck River ranged from 833 to 947 mm (n = 10; mean TL = 892 mm; SE
= 12) and the largest weighed 11.17 kg.

The total lengthweight relationships foadult(> 615 mm TL) Silver Carp were:

Kentucky Lake: Logso (weight) =- 5.89 + 3.32 Log, (TL) r*= 0.80.

Lake Barkley Logo (weight) =- 6.75 + 3.62 Log, (TL) r*= 0.80.

Below Barkley Dam: Log, (weight) =- 3.47 + 2.47 Log (TL) r*=0.82.
The regression slopes for Silver Carp imKeky Lake and Lake Barkley were simil&r£
2.78 df = 1,379;P = 0.096); therefore, Silver Carp in both reservoirs vameumulatingveight
with increases in length at about the same Fitgufe 11). The elevations of each regression
line were simila (t = 1.80;P = 0.072), meaning that the robustness (i.e., condition) of fish in
both reservoirs was similar. The robustness of Silver Carp above and below Barkley Dam could
not be compared because the regression slopes were dis@iml86.94 df = 1,267, P <
0.00). Truncating the dataset (i.e., removing the smallest and largest individuals from the
analysis) did not accomplish homogeneity of slopes and elevations of the two regression lines
could not be comparedrigure 12). Therefore, Silver Cann Lake Barkley added weightith

changes in lengtht a faster rate than Silver Carp in the Cumberland River below Barkley Dam.
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Bigheaded carp collected in experimental gill nets in

Adult Silver Carp ages ranged from 3 to13 years. Percent agreement between two blind
readings of otoliths from 377 young (ag®&8Silver Carp was 78%; percent agreement
decreased to 62% for 69 older (ag&® fish and 36% for the 11 oldest (agelR) fish. Ove
all Silver Carp ages, 92% of paired readings differed by one year or less and 8% disagreed by
only two years. The 10 Bighead Carp ranged in age from 8 to 22 years and percent agreement
between two blind readings was 50%t paired readings differed kiyo years or less. | was
able to assign ages to all Silver Carp and Bighead Carp when there was a discrepancy between
the first two readings. Strong year classes of Silver Carp were present in both Kentucky Lake
and Lake Barkley in 2010, 2011, 2012, &@d5 Figure 13).

Tennessee Wildlife Resource Agency (TWRA) biologists collectedlegjéver Carp
from Kentucky Lake near Big Sandy embayment in May&and length data from thosgedl
fish were included in both the Kentucky Lake and Lake BarkleyBamalanffy growth models.
Visual inspection of the two growth models revealed that they were nearly ideRiiaie(14).
Therefore, the mean leng#tage data were pooled and the final von Bertalanffy model was:

TL; =881 [L 0881 (1 0658 2 - 997
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where t is the age of interest. The model predicted that Silver Gantpegta mean length of 770
mmin only three years. Siér Carp in Tennessee waters grewchfasterthan in other locales

in North America, Russia, and Indieigure 15). In Lake Barkley, YOY Silver Carp in the

Little River embayment grew 1.3 mm/d between September 4, 2015 (mean =215 mm TL; n =
28) and October 11, 2015 (mean = 264 mm TL; n = 21). By October, YOY Silver Carp
throughout Lake Barkley and Kentucky Lakeeeaged 272 mm TL (SE = 3.2) and 217 mm TL
(SE =1.32), respectively.

Across all study reaches (and excluding YOY fish that could not be sexed), female Silver
Carp tended to be longer at age than male Silver Gatgd 2). Silver Carp sex ratios in
Kentucky Lake (1.70 males: 1 female) and Lake Barkley (0.71 males: 1 female) differed from a
1: 1 se%>506dfiloP<06 025) and sex rati?c46584;:dff ered
=1;P <0.001). The sex ratio of Silver Carp below Barkley Dar84 males: 1 female) wast
different froma 1 : 1 s2%&X.40; dictliPe 0.528).

Gravid females were observed during all seasons of the year and spent females were
observed during theinter, summer, and fallin both reservoirs, most grav&ilver Carp
females were collected in the wintéfhe youngest gravid fish were age 3 (three of five fish).

The GSIl values in KY Lake ranged from 2% to 15% (n = 43; mean = 8%; SE = 0.53) and in
Lake Barkley they ranged from 3% to 13% (n = 26; mean =36+ 0.51). Mean GSI values
(all seasons pooled) eachreservoirdid not differ (t =-0.147; df = 67 = 0.884).

Two of the four female Bighead Carp collected in the fall were void of eggs and two in
winter were gravid. All of the six female Silv€arp collected Below Columbia Dam on the
Duck River in May 2015 were gravid, with GSI values ranging from 12%%6 (mean = 17%;

SE = 1.59); those were among the highest GSI values observed during this-sjucdy 16).
Of those six females in the Dugkver, five were releasing eggs when captured.

Young-of-year Silver Carp were collected in Kentucky Lake and Lake Barkley for the
first time in 2015 Figure 17), though it must be acknowledged that no one was targeting YOY
bigheaded carps in thosesggms before 2015. The furthest upstream they were collected in both
lakes was at Trkm 219 in Kentucky Lake and Crkm 166 in Lake Barkley.
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DISCUSSION
Gear Efficacy

Multiple gears are recommended to study bigheaded carp popul&tansi(l 2003;
Degrandchamp et al. 2008; Wanner and Klumb 2009)e present study used gill nets in
winter, hoop nets and electrofishing in spring and summer, and cast nets, gill nets, and
electrofishing in fall. Although Bighead Carp were caught exclusively in hogpanetgill nets,
the catch was very low and only two Silver carp were caught in hoop nets. Hoop nets are used
effectively to sample Bighead Carp in the lllinois River (Budeal. 2014a) and the Missouri
River (Wanner and Klumb 2009)ubhoop nets magot be an effective gear where bigheaded
carp densities are low. Hayer et al. (2014) used electrofishing and multiple entrapment gears,
including hoop nets, in Missouri River tributaries in South Dakota during the initial invasion of
bigheaded carps butey were only successful in collecting bigheaded carps with electrofishing
gear. A recent study concluded that hoop nets were ineffective in catching bigheaded carps in
backwater lakes of the lllinois River (Collins et al. 2015), which may be similaetbackwater
habitats of Kentucky Lake and Lake Barkley where most bigheaded carps were collected in the
present study. Collins et al. (2015) concluded that pound nets were the most cost effective
entrapment gear due to their high catch rates of Silvgr &&d Bighead Carp (one to three
orders of magnitude higher thasingeither fyke nets or hoop nets) when considering the time
to deploy, maintain, and retrieve each gear type. Therefore, pound nets could be an appropriate
alternative entrapment gearbackwater areas of Kentucky Lake and Lake Barkley.

Gill nets caught moradultSilver Carp and Bighead Carp in Kentucky Lake and Lake
Barkley than any other gear type. The most effective mesh sizes were 101 and 114 mm, which
caught 77% of all the Silve2arp caught in gill nets. Although the two smallest meshes fished in
the present study (76 and 89 mm) accounted for 50% of the total gill net bycatch and only 17%
of the bigheaded carps collected, it is prudent to fish as many different mesh sizesildes fwos
provide the leasbiased estimate ofapod at i on 6 s \amnQep Avgld et al. 2005).1r e (

Although no difference was detected in the gill net catch rates of Silver Carp in winter
and fall, winter is probably a better time to sample inrfufpopulation assessments. Bycatch
rates were lower in winter and mortality was negligible. Gill net mortality is a function of

activity rate (higher activity = higher probability ehcountering the geaand stress, both of
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which correlate directly wit temperature. Bettoli and Scholten 2006 reported that most (71%)
Paddlefish caught in gill nets died when water temperatures exceetl€d Btelemetry study

on the Missouri River revealed that Silver Carp and Bighead Carp remained active during winte
at water temperatures down t8@ (Kolar et al. 2007). Bigheaded carps may be similarly active
(and susceptible to gill nets) in winter and fall in southeastern U.S. reservoirs, which would
explain why catch rates in the present study were simikach season.

Electrofishing catch rates fadultSilver carp were low in both reservoirs in summer and
fall. As others have reported, Silver Carp encountered iohathnel backwaters and
embayments are often observed but difficult to capture. Wandeklamb (2009) noted that
even when bigheaded carps were corralled by nets, electrofishing gear was largely ineffective.
Silver Carp are extremely excitable and will jump out of the water in response to electrofishing
and motorboat trailf (Kolar et al.2007). As waseported by Tarifen&ilva et al. (1982) and
Skelton (1993), immediately after energizing the anodes Silver Carp in the present study would
swim or jump away from the electrofishing boat, sometimes from more than ~ 50 m away.
Adult Silver Carp were vulnerable to electrofishing only when they jumped or darted into the
electrical field (and were immobilized and could be netted) or they jumped into the boat.

In contrast to electrofishing in slack water in summer and fall, sibirimg electroishing
in tailwaters below large impoundments was a more effective technique to sample and detect
adult bigheaded carps. In just 10 min of electrofishing pedal timeduliSilver Carp were
collected below Barkley Dam and hundreds more were observédh miay be comparable to
areas where Silver Carp are known to occur in extreme densities, such as reaches on the lllinois
River (Kolar et al. 2007). In 2006, TWRA biologists began biweekly electrofishing below
Pickwick Landing Dam and observed Silver Car2013, which prompted the TWRA Region |
Stream Survey Unit to develop a plan to identify the leading edge by electrofishing in novel
areas (Clark et al. 2013). This sampling program led to the discovery of Silver Carp below
Columbia Dam on the Duck Rav, a worldrenowned aquatic diversity hotspot.

Although electrofishing yielded feadultSilver Carp from Kentucky Lake and Lake
Barkley, it was somewhat effective in collecting YOY Silver Carp during the summer and fall in
backwaters and island chanbelarders. Similarly, other researchers have collected YOY Silver
Carp using electrofishing gear in the Missouri River (Wanner and Klumb 2009; Hayer et al.
2014), lllinois River (Irons et. al 2011; Stuck et al. 2015), and Wabash River (Stuck et al. 2015).
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Other gears deemed successful by others in capturing YOY bigheaded carp include push trawls
and minifyke nets (Wanner and Klumb 2009; Irons et al. 2011), although Hayer et al. (2014)
failed to collect any bigheaded carp YOY using nriykie nets. In Jun2015a Kentucky

Department of Fish and Wildlife Resources biologist inadvertently captured 5 YOY Silver Carp

on Kentucky Lake using a cast net, which prompted the use of that gear in the present study. |
am unaware of any published reports on the usasifnets to sample bigheaded carp YOY, but
using cast nets to sample small fishes is gaining favor (e.g., Stein et al. 2014). As others have
observed when using active gear such as seines to capture YOY fishes (e.g., Jackson and Noble
1995; Pine et al.@0; Levesque 2013), cast nets are-siz2l ect i ve and only sma
TL) Silver Carp were collected in the present study. In backwater areas, YOY carp longer than
160 mm TL were likely able to avoid the cast net when it hit the water. This camcthsi

YOY carp were not vulnerable to the cast net as they grew larger is based on the observation that
the same habitats were sampled with electrofishing gear at the same time and larger YOY fish
were collected. Conversely, and as others have obsehed using electrofishing gear to

sample other species (e.g., Phillips et al. 1997; Ozcan and Noble 2005), YOY Silver Carp did not
recruit to the electrofishing gear in the present study until they reached ~ 155 mm TL. Cast
netting in spring and early sumer and electrofishing in late summer and fall might prove to be

an effective way for future researchers to characterize spatial and temporal variation in YOY

Silver Carp production in Kentucky Lake and Lake Barkley.

Leading Edge

In the present study Bhead Carp were collected from Kentucky Lake and below
Kentucky Dam and Barkley Dam. Although I did not collect any Bighead Carp in Lake Barkley,
they have been reported in Lake Barkley since 2002 (Kolar et al. 2007). In 2010 a Bighead Carp
was collecteane reservoir above Lake Barkley in Cheatham Lake at Cumberland River km
(Crkm) 239. Bighead Carp were collected in the Tennessee River upstream of Kentucky Lake in
Lake Guntersville and Nickajack Lake as far back as 1999. In 2010 a single Bigheadh€arp
collected from Lake Chickamauga below Watts Bamat Trkm 853, the furthest known

leading edge of Bighead Carp on the Tennessee River (USGS 2016a).
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Prior to this study, the leading edges of Silver Carp in Tennessee waters were the
tailwater below @eatham Dam in Lake Barkley (Clark et al. 2013) and at Trkm 417 below
Wilson Dam in the headwaters of Pickwick Lake (USGS 2016a). The present study has
reaffirmed that Silver Carp are distributed throughout Kentucky Lake and Lake Barkley. For the
first time Silver Carp were collected frofand not simply observed ithe Duck River, a large
tributary to Kentucky Lake belowdumbia Dam at Duck River km (Odr1) 220, and |
observed Silver Carpvading electrofishing gear at ®R 348 km below Old Hickory Darmn
Cheatham Lake.

Age and Growth

Because bigheaded carps are difficult to &mh(ank and Guy 2002; Kolar et al. 2p07
and standardized aging protocols are not yet established (Seibert and Phelps 2013), there is a
paucity of information regarding thengevity of bigheaded carps (Jennings 1988; Kolar et al.
2007). In their native habitats in China, the maximum age was estimated to be 16 years for
Bighead Carp and 15 years for Silver Carp (Kolar et al. 2007) and Silver Carp in Russia
reportedly reachedge 20 (Berg 1964, cited in Kolar et al. 2007 ). In 2013, a group of federal
and state agencies collectively known as the Ohio River Fish Management Team captured and
aged bigheaded carps from the Ohio River. Using otoliths as the aging structugée a sin
Bighead Carp was reported to be -d@e(Unpublished 2013 report; Asian Carp Leadingéd
Task Force). In the presestudy the oldest Bighead Carp was agewhich to my knowledge
is the oldest ever reported. Kolar et al. (2007) speculated thadigh carp longevity may be
similar to that of Grass Carp, a closely related species, which are reported to reach age 32.

Silver Carp in Kentucky Lake and Lake Barkley ranged from age 0 to age 13. Growth
rates in each reservoir were similar and pooleavtiroates were higher in Tennessee waters
than in North Dakota tributaries of the Missouri River (Hayer et al. 2014), the middle Mississippi
River (Williamson and Garvey 2005), the lllinois River, and the Wabash River (Stuck et al.
2015). In addition, gneth rated observedver e hi gher than in I ndiaés
(Tandon et al. 1993 cited in Williamson and G

1961 cited in Williamson and Garvey 2005). Reaffirming age estimates in the present study,
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other researchers using a different aging strudpeetoral fin rays) reportedca@mparable
Silver Carp growth rate in Kentucky Lakissh exceeded 800 mm mean TL at agedd similar
strong year classes (2010, 2011, 2G4 possibly 202%Allison DeRose, Murray State
University, unpublished data).

Reproductive Ecology

Sex ratios below Barkley Dam were 1:1. Established bigheaded carp populations in the
middle Mississippi River and the lllinois River also had sex ratios of ~ 1:1 (Alarcon 1999; Irons
et al. 2011; Baska et al. 2014). More males than females were found in expanding Silver Carp
(2.2:1) and Bighead Carp (1.3:1) populations (Abdusamadov 1987). In the present study, Lake
Barkley sex ratios were skewed towards males(q males: 1 femaldut the ratio vas skewed
towards more female®.(71 males: 1 femalen Kentucky Lake. Sex ratios may play an
importantrole in bigheaded carp management and facilitate inferences on population growth
potential and stodgkecruitment relationships (Irons et al. 2011; Blauet al. 2014).

Some ge-3 Silver Carp in the present study were gravid with eggs. However, #b age
or age2 fish were collected to confirm agématurity in Kentucky Lake and Lake Barkley.
Maturation schedules for bigheaded carps are known tcavaoyg systems (Kolar et al. 2007)
and are determined by growth rates during the first year of life (Kamilov 1987, cited in
Williamson and Garvey 2005). Silver Cagach maturityat age 2 in the middle Mississippi
River (Williamson and Garvey 2005) angea3 in the lllinois River (Irons et al. 2010). Using
mean bacicalculations of lengthand age gtimates from fin raysSilver Carp in the middle
Mississippi River were estimated to reach 318 mm TL by the end of their second growing season
(Williamson am Garvey 2005); whereas, YOY Silver Carp in Kentucky Lake and Lake Barkley
reached 217 mm TL and 272 mm TL, respectively, by October during their first growing season.
This evidence suggedtsatfastgrowing female Silver Carp in Kentucky Lake and Lake Barkley
may maure before age 3.

Gravid Silver Carpn the present studyere observed in all seasons and fish devoid of
eggs were observed in all seasons except wilResearchers at Murray State University
collectedGSI data orSilver Carp each month from Kentucky Lake @ralpeared that Silver
Carp spawned in the spring 2015(A. DeRoseunpublished daja Some of the Silver Carp
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collected below Columbia Dam on the Duck River in May 2016 were releasing eggs when
captured and some Silver Carp in fall 2015 were partially spent in &gntiake and Lake

Barkley. Evidence of protracted spawning by Silver Carp was reported in the middle Mississippi
River and the lllinois River (Williamson and Garvey 2005; Irons et al. 2011). Spawning

multiple times a year wouldomplicate manageemt scenarios for bigheaded carps (Irons et al.
2011).

Spawning and recruitment by bigheaded carps in large rivers has been related to both
flow and stage (Verigin et al. 1978; Schrank et al. 2001; Irons et al. 2011). Although their origin
is unknown, YOYSilver Carp were collected from the upper reaches of Kentucky Lake and
Lake Barkley in the present study. This evidence proposes that YOY Silver Carp either hatched
within Kentucky Lake and/or Lake Barkley or they hatched and swarii 2&6 river km from
the Ohio River to where they were captured in each reservoir. Increases in discharge are
believed to cue spawning activity and sufficient flows and river reaches are required to keep
fertilized, semibuoyant eggs suspended before hatching (Verigin #0@8B; Jennings 1988;

Laird and Page 1996), whereupon larvae move into backwaters or other flooded areas that serve
as nursery grounds (Nikekii 1963 cited in Kolar et al. 2007). Although poorly understood,
successful reproduction has been documentedtfmduced and native bigheaded carp

populations in reservoirs of Eurasia and Asia (Kolar et al. 2007). Given optimal temperature and
sufficientlows, Murphy and Jackson (2013) predicted that bigheaded carps can spawn and
recruit in just 25 river kmyhich ismuch less than previously reported (100 km, Krykhtin and
Gorbah 1981; 80 km, Nico et al. 20D5Whether spawned in the Ohio River or in Tennessee
waters, Silver Carp apgesenin Kentucky Lake and Lake Barkley across a wide range of ages.
Eightyear classes were observed and a bbast pattern of strong and weak (or absent) year
classes was apparent, which is observed in many fish species.

Robustness

Silver Carp in Lake Barkley were significantly more robust than those in the tailwater
below Barkley Dam. Barkley Dam, the gateway to Lake Barkley, is where bigheaded carps
concentrate in large numbers after migrating upstream from the Ohio River. The high

concentration of bigheaded carps in that tailwater may compare to reaches on tlseRiliroi
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where intraspecific competition for food resources occurs (Schrank et al. 2003; Sampson et al.
2009; Irons et al. 2011). Conversely, the high and similar robustness of Silver Carp in Kentucky
Lake and Lake Barkley is indicative of an early invasiwhich may change over tinfeand

when densitydependent effects take place (Irons et al. 2011).

Abundance

Too few Bighead Carp were collected for population structure analyses. All Bighead
Carp were large (> 1,009 mm TL and > 9.32 kg) and »lge8). Older ages and low densities
suggests recruitment in Kentucky Lake and Lake Barkley by Bighead Carp is negligible.
Similarly, researchers documenting bigheaded carp leading edges in the Ohio River and
tributaries of the Missouri River collected fé&ighead Carp relate to Silver Carp (Kentucky
Department of Fish and WildlifResourcesunpublished dat&ilver Carp = 74 , Bighead Carp =
4; Hayer et al. 2014: Silver Carp469, Bighead Carp = 8). Loxigrm monitoring of Bighead
Carp in the lllinoisRiver revealed thatear class strength is highly variaplbeit one strong year
class quickly rebuilds the population (Irons et al. 2011).

Bigheaded carp abundances (as indexed by CPUE metrics) in Kentucky Lake and Lake
Barkley were similar, and gill neatch data suggests Silver Carp are already a large component
of the fish assemblages. The extent to which Silver Carp are increasing in Kentucky Lake and
Lake Barkley requires multiple years of catch data and this study could not address that concern.
However, studies elsewhere documenting the early colonization of bigheaded carps reported
exponential increases in Silver Carp (Chick and Pegg 2001; Irons et al. 2011; Sass et al. 2010;
Hayer et al. 2014), and Bighead Carp (Irons et al. 2011). Kentwike &nd Lake Barkley may
be equallyulnerableto bigheaded carp immigration and recruitment, thus management and

control actions are warranted for both systems.

Conclusions and Future Research

Although controlling bigheaded carps in large systemdgliffiault task, this study

provides insights into population characteristics and the efficadiffefentgears insouthern
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U.S. reservoirs. Kewed sex ratiogastgrowth rates, and robustness are indicative of the early
phases of the invasion and colzation. Youngof-year Silver Carp recruitment is occurring in

both populations but its extent is unknown, as is the source (i.e., Ohio River immigrants or
hatched within each system). Regardless of the source of those YOY fish, recruitment is erratic.
Sampling larval fish each spring and summer could determine if, where, and to what extent
natural reproduction is occurring in each reservoir and which abiotic factors (e.g., temperature
and discharge) are importacues (DeGrandchamp et al. 2p08

Monitoring bigheaded carp over the next few years will be required to determine if the
Kentucky Lake and Lake Barkley populations are increasing exponentially and identify control
measures (e.g., interagency collaboration, implementing passage barrigesnawihg
individuals). Population monitoring and assessments should include multiple gears. Cast nets
were useful in detecting YOY during the late spring and early summer months, and
electrofishing was effective in collecting YOY during late summerearty fall. Electrofishing
was also effective in collecting bigheaded carp in tailwaters and detecting their leading edge.
Although hoop nets were ineffective, other entrapment gears such as pound nets may prove
useful. Gill nets were the most effectigear for collecting bigheaded carps and should be
utilized during the winter to reduds/catch and gill net mortality of native species.

Bigheaded carp are highly mobile which underscores the need for communication and
collaboration across multiple stdiiees and in some cases national boundaries. For example, a
consortium of state, provincial, and Ugd Canadian agencies known as the Asian Carp
Regional Coordinating Committee (ACRCC) regularly meets to develop and apply management
actions to preverdnd control Asian carp movements, particularly in the Great Lakes basin. The
Tennessee River crosgbe TennesseaMississippi,and Alabamatate linesefore reaching the
Ohio River in Kentucky, and the Cumberland River starts in Kentucky and flowsgtihro
Tennessee before returning to Kentucky and joining the Ohio River. Although federal agencies
are working with these states to improve communication, collaborative efforts are in their
infancy. In 2015, the USFWS hosted an iragency meeting for gies within the Ohio River
basin (lllinois, Indiana, Kentucky, New York, Pennsylvania, Tennessee, and West Virginia)
called the Ohio River Asian Carp Management Meeting. The purpose of the meeting was to (1)
foster administrative planning, funding, and @i®ns; (2) consider inteagency collaboration

for planning and reporting, funding strategies, and implementation of management plans; (3)
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discuss ACRCC background, structure, and operation, and how the model may be useful in the
Ohio River basin; (4) gsent the latest methods and technologies to combat Asian carp, and
determine which could be used in the Ohio River basin; and (5) identify roles, responsibilities,
and future steps.

Future bigheaded carp management in the Tennessee River and CunRerarstiould
seek to limit upstream migration and remove individuals from the population. To that end, the
USFWS in conjunction with the KDFWR recently initiated a telemetry study in Kentucky Lake
to quantify immigration rates and help inform where ahémremoval efforts should be
focused. Likewise, using sound barriers to deter bigheaded carp dam passage is currently under
investigdion (Amberg and Mensinger 20L6Using algal mixtures to attract and concentrate
bigheaded carps into backwater araas iacrease catch rates is also being researched (USGS
2016b). The USFWS has developed novel gears in hopes of increasing catch rates across a
wider range of sizes; such gears include electrified paupier butterfly frame trawls, surface trawls,
and acnt riieflieed dozer trawl o and comparisons wi't
2015).

TheKentucky Department of Fish and Wildlife Resources has already initiated control
measures for bigheaded carp. They established a bigheaded carp harvast mugh has
removed more than 816,000 kg from Kentucky Lake and Lake Barkley between 2011 and March
2016. The KDFWR also began subsidizing the price per pound of bigheaded carp in 2015 to
motivatecommercial fisherman to invest more effort. Commeffegsaing tournaments hosted
by KDFWR have also proved useful, removing more than 37,000 kg in just two days in March
2013. However, periodic standardized sampling is needed to determine whether removal efforts
have reduced carp densities (Bouska et al4p01

The findings reported herein constitute the first study of bigheaded carps in Tennessee
waters and there is more work to be done. Continued public education and collaboration with
states within the Tennessee River and Cumberland River basins imilpbdant to effectively
control and manage bigheaded carps. Future monitoring and research in the Tennessee River
and Cumberland River may help deter further migrations upstream, lead to a better
understanding of their population dynamics, expose thativegmpacts of growing bigheaded

carp populations, and determine if management actions are meeting specific goals.
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The impetus for this research was to understand how the colonization of Tennessee
reservoirs and rivers by bigheaded carps might affextfsgh populations.Bigheadd carps
especially Silver Carmgrenowa common component of the fish assemblaghertwo
Tennessee reservoirs | studieshdfuture monitoring will reveal whetherdlepopulations
continte to expandOther than instances wigehigheaded carps reach extremely high densities
(e.g., lllinois River), negative impacts on native and introduced sport fisAennessewill be
limited to competition for plankton food resources between bigheaded carps and th&eearly
history stages of sportfistAll j uvenilesportfishfeedinitially on zooplanktorand the ability of
bigheaded carps, especially Silver Carp, to graze on phytoplankton means that those two species
can radically alter nutrient and energy flow in aguatic ecosystems.

It is too early to detect any deleteriaeféects of bigheaded carps sportfish populations
in Tennessee waters. However, if Silver Carp continue to increase in numbersyand th
successfully reproduce within Kentucky Lake and Barkley Lake, the potential for negative
consequences obviously exists. Sportfish populations were not sampled or monitored during this
investigation. Instead, annual monitoring of sportfish populatigrBWRA using trap nets and
electrofishing gear has provided a letegm database that can be examined in the future to detect
any negative trends. The data on bigheaded carps presented in this report, specifically, catch
rates in gill nets and electrofisiy gear, will serve as a baseline for future assessments of
sportfish population responses and additional sampling is about to commence to describe relative
abundance of bigheaded carps in Tennessee (Mark Rogers, USGS; personal communication).
Finally, the research reported herein documented that Bighead Carp are scarce in Tennessee
waters and the fewdividual collected represent ald, relict population that has not had any
new recruits (through natural reproduction or emigration) in nearly 10 yaaysiegative
consequences of invasive bigheaded carps are likely to be due solely to expanding Silver Carp

populations.
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Table 1. Standardezl sampling effort in 2028016, norstandardized electrofigiy effort

below five damsandnumbes caught and CPUE of Bighead Caadult (> 400 mm TL) Silver
Carp, and/oung-of-year (YOY)Silver Carp. Effort was in terms of aeights for gangs of gill

nets, threalay soaks for tandem hoop nets, throws for cast netsjiantderof 10-min
electrofishingsamplesn Kentucky Lake and Lake Barkley. Electrofishing effort downstream of
five dams igeported asninutes of pedal timeCatch data fofish collected during non
standardized, exploratory sampliwgh gill nets and electrofishing in each resenaoig not
reported.

Bighead Adult Silver YOY Silver
Gear Location Effort Count CPUE Count CPUE Count CPUE
Gill net Kentucky Lake 24 3 0.13 108 4.50 0 0.00
Gill net Lake Barkley 24 0 0.00 132 5.50 0 0.00
Cast net Kentucky Lake 240 0 . 0 . 15
Cast net Lake Barkley 240 0 . 0 . 0
Hoop net  Kentucky Lake 24 2 . 2 . 0
Hoop net  Lake Barkley 24 0 . 0 . 0
Electrofish Kentucky Lake 54 0 0.00 6 0.11 148 16.44
Electrofish Lake Barkley 54 0 0.00 24 0.44 64 7.11
Electrofish Kentucky Dam 40.2 0 6 0
Electrofish Barkley Dam 10.2 0 71 0
Electrofish  Pickwick Dam 60.0 0 o 0
Electrofish Cheatham Dam 127.2 0 1 0
Electrofish Columbia Dam 229.8 0 10 0

AAlthough none were collected, three Silver Carp were observed while electrofishing.
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Table 2. Mean totdengths (TL, mm) and weights (g) by age for male and female Silver Carp collected in the Tennessee River, Duck
River, and Cumberland River in 202B16. Standarcerrorsare in parentheses

Male Female Both Sexes
Age n TL Weight n TL Weight TL Weight
3 17 778 5250 10 825 5900 795 (95) 5490 (228.7)
4 70 821 6045 81 853 6939 838 (4.2) 6524 (139.9)
5 102 843 6736 94 886 8165 864 (3.8) 7421 (120.2)
6 33 864 7519 21 904 8890 879 (8.0 8052 (257.3)
7 4 876 8049 5 878 8576 877 (29.8) 8342 (938.3)
8 854 7025 2 918 9360 879 (203) 7959 (6791)
9 : : : 1 859 5585 859(. ) 5585( . )
10 2 877 7118 8 898 7113 894 (234) 7114 (8697)
11 5 861 7444 4 883 8404 871 (116) 7871 (359.9)
12 1 904 8555 904 ( . ) 8555( . )
13 1 882 8400 882( . ) 8400( . )
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Figure 1. The lower TennesseRiver and Cumberland Rivaend the lower Duck River where
bigheaded carps were sampled in 2Q036.
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